Large wind turbines have thick airfoils at the root section of the wind turbine to support the weight of the blade and structural requirements, and aerodynamic efficiencies are in conflict near the root section of the blades. A four-element multielement airfoil system was tested as a replacement airfoil system for a thick single element airfoil near the root of a 10-MW scale conceptual wind turbine. The system consisted of a main element, two flaps, and a lower strut airfoil element for added structural support, and experiments were performed with the ability to move two flaps to any location relative to a main element. Tests were performed in the University of Illinois low turbulence subsonic wind tunnel with a chord length of approximately 1.5 feet (0.46 m) and a model span of approximately 2.8 feet (0.85 m). Results for the Reynolds number tested indicate that gap size should be no smaller than 2.5% system chord to avoid degradation in performance. A large overhang can adversely affect aerodynamic performance and lead to a loss of lift. Performance decreased if the strut was moved to any location other than the baseline condition. Results indicate that performance of high lift systems is more dependent upon the drag of the system than the high lift aerodynamics.
= 2D pitching moment coefficient c n = individual chord of element n c sys = system chord length q = dynamic pressure P = pressure Re = Reynolds number S = total model wetted surface area T = temperature t/c = thickness-to-chord ratio V ∞ = freestream velocity x = Cartesian coordinate parallel to freestream flow y = Cartesian coordinate orthogonal to freestream flow α = angle of attack δ n = absolute deflection angle of flap n δ rel,n = relative deflection angle of flap n µ amb = ambient dynamic viscosity ρ amb = ambient density
I. Introduction
The goal of the research presented in this paper was to experimentally test the aerodynamic performance of various multielement airfoil configurations for use in the root section of large-scale (10-MW) wind turbines. Multielement airfoil design is complex, and aerodynamic performance is sensitive to geometric arrangement. Motivation for this project was driven by two primary factors, namely increased aerodynamic performance and improved structural integrity of the blade. Conflicts exist between structural requirements and aerodynamic performance. 1 A strong structure, contained in a thick airfoil, must exist at the root to support the aerodynamic loads as well as the weight of the blade. A thick airfoil can reduce aerodynamic performance compared with a thinner airfoil.
A. Previous Work
Experimental studies of multielement airfoils were first performed in the 1940s, as discussed by the classic 2-D tests by Abbott and von Doenhoff 2 and supplemented by Jacobs, et al. 3 As discussed by Smith in 1975, 4 numerous effects govern the flow around high-lift multielement airfoil systems. Previous work studied aircraft multielement airfoil configurations which are only required during takeoff and landing. Multielement airfoils on aircraft are typically stored in the main element during cruise as shown below in Fig. 1 . Wind turbine airfoils are mainly designed based on tip speed ratio at one angle of attack and can be point-designed for wind turbines as the flap does not need to retract into the main element as conventional aircraft do during cruise. Consequently, design and analysis efforts can be focused on the aerodynamics of the multielement airfoil configuration.
Aerodynamics of high lift systems are sensitive to the location and size of the gap between elements as well as the relative deflection angle. In general, a smaller gap accelerates the flow more rapidly while a larger gap does not accelerate the flow as much. However, confluent boundary layers and complex wake interactions can adversely affect the performance of the system if the gap is too small. 5 A smaller gap increases the magnitude of the suction peak of the flap and may reduce drag compared with a larger gap configuration. 6, 7 Small gaps may reduce or eliminate separation over the flap but may also be more sensitive to stall than large gap configurations. 5, 7 Previous research indicates that the best gap size is between 1.3% and 2.0% of system chord. [7] [8] [9] Performance as a result of the overhang of the flaps has not been studied in as much detail as the effect of the gap. A positive overhang corresponds to an element that is tucked under the forward element while a negative overhang indicates the leading edge of an element is aft of the trailing edge of the forward element. The location of the flap was first discussed by Smith in 1975. 4 According to previous research, the best overhang value is approximately −0.25%, which indicates the leading edge of the flap is behind the trailing edge of the forward element. 8 If the overhang is too far behind the trailing edge, the flow will not be accelerated around the leading edge of the flap, and the flap will not create as much lift as compared with a case having a smaller overhang. 8, 9 NACA ACR No. The design of high-lift multielement airfoils has been performed with various different methods. Ragheb, et al. 10 used the inverse conformal mapping PROFOIL/MFOIL suite of programs to design the high lift airfoil system tested in this research project. Inverse viscous Navier-Stokes optimization codes have been employed to optimize the multielement airfoil system for high lift. 11, 12 The design of high-lift multielement airfoils must also consider the effect of the wakes. Wake interactions that are off the surface of multielement airfoils can be highly complex and difficult to predict and measure. Spreading and merging wakes shed from the different elements can have a strong effect on the pressure field, and large pressure gradients can cause wake bursting, or off-the-surface flow separation. These effects have been studied both experimentally and computationally. 4, 5, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] 
B. Project Overview and Coordinate Systems
Numerous configurations of a multielement airfoil system were tested in this research. It is important to note that the multielement system was treated as a replacement for a thick single-element airfoil. An aggressive well-separated airfoil, the MFFS-026 designed by Ragheb, et al. 10 was chosen for this experiment. The main element of the system is coupled with two flaps and an additional element known as the "strut" was located below the upper three elements. Structural support for the system would be incorporated into a spar cap placed in the main element and a spar cap placed in the strut. No shear web would exist between the main element and the strut. The strut was primarily designed to act as a fairing around a spar cap and not a lifting element.
A coordinate system was developed to define the location of each element (see Fig. 2 ). A system chord length of unity was defined for the baseline case. Test cases that involved moving the flaps were analyzed as cases with chord lengths greater than or less than unity. The leading edge of the multielement system (LE sys ) did not correspond to the leading edge of the main element, but rather it was defined as the point furthest away from the trailing edge of the system and was set at the origin. The trailing edge of the final flap was set on the system chord line of y = 0 and defined as the trailing edge of the system (T E sys ). Each element was located based upon the leading edge coordinate (x, y) le,n for the element. All flap deflections δ were defined relative to the chord line of the main element, and the deflection angle of the main element δ 1 was defined as 0 deg. The system angle of attack α was defined as the angle between the freestream velocity U ∞ and the system chord line.
Aerodynamic performance of the system is highly dependent on gap size and minimum gap location as well as deflection angles between the elements. The relative coordinate system, shown in Fig. 3 , was used to define the system by parameters that govern the flow. The relative deflection angle of the main element (δ rel,1) was defined relative to the main system chord line, and the strut deflection angle (δ rel,strut ) was defined relative to the main element chord line. The location of the flaps was constrained by gap size and overhang distance. The gap size between elements (gap n ) was defined as the distance from the trailing edge of element n to the closest point on element n + 1. The overhang distance (overhang n ) between element n and n + 1 was defined as the distance from the leading edge of element n + 1 to the trailing edge of n projected along the chord line of element n, as shown in the lower portion of Fig. 3 . Relative deflection angles (δ rel,n ) were defined as the angle between the chord line of element n + 1 and the chord line of element n. A positive deflection angle corresponded to a downward flap deflection. The location of the strut was defined by the leading edge coordinates of the strut and the deflection angle relative to the main element. The location of the flaps was controlled through the use of a custom-designed Flap Positioning System (FPS). The system was comprised of two sets of traverse systems. A traverse supported each flap on the top and on the bottom of the wind tunnel. Each flap was able to independently traverse in the x tunnel and y tunnel directions as well as rotate in δ . A detailed photograph of one of the miniature traverses is shown below in Fig. 5 . The x-y position of the traverse was controlled with a 1/4-20 ACME-threaded precision rod and was manually rotated by a hex key on the end of the rod. As shown below in Fig. 6 , the location of the flaps was set on the top and bottom of the model, and the positions were monitored to ensure the model was not misaligned. A worm drive was used to rotate a 40-deg sector gear that set the flap deflection. The rotary position was set by the user rotating the sector gear or by using an Excitron SM20-30 micro stepper motor that was controlled by an Excitron 2A-TTL bipolar controller.
The position of the traverses in the linear and rotary directions was monitored through the use of ten MicroE Mercury 1500S-40 optical encoders. Eight encoders were used to monitor the x and y positions on the top and bottom of each of the two flaps, and two encoders were used to measure the angle of the two flaps. The linear position had a resolution of 0.5 µm (1.97 ×10 −5 in) and an accuracy of ± 3 µm (0.00012 in), and the rotary position was measured to a resolution of 39.6 arc-seconds (0.011 deg) and an accuracy of ± 3.9 arc-seconds (0.0011 deg).
III. Results
Quantitative aerodynamic performance data were collected for the well-separated family of airfoils. Different configurations of the main-flap-flap-strut multielement airfoil system were named well-separated configurations. The well-separated configurations tested in the wind tunnel were all related to the baseline MFFS-026 airfoil system designed by Ragheb and is similar to the MFFS system discussed by Ragheb, et al. 10 Many well-separated configurations were generated by systematically varying gap size, overhang distance, strut deflection angle, and strut location. A fourelement system consisting of a main element, two flaps, and a strut, was tested. The chord length of the main element was 11.50 in, the strut measured 7.84 in, and the flaps measured 3.50 in and 3.00 in for the first and second flap respectively. Model surface area, S, was defined as the total wetted area on the upper and lower surfaces of all four elements. System chord length of the baseline configuration was 17.53 in. Nondimensionalization and tunnel corrections used the baseline chord length of 17.53 in as the characteristic length. Data collected in the wind tunnel included C l , C d , and C m . Methods presented by Barlow, et al. 25 were used to correct the wind tunnel measurements for wind tunnel wall effects. It is noted that all tests were performed at a Reynolds number of 0.975 × 10 6 .
A. Baseline Results
Tests were performed on the baseline WS-1 configuration, and the measured drag polar and lift curve are presented in Fig. 7 . The value of C l,max is 1.72 for α = 13 deg. Wake profiles show that the flow over the entire system was separated at α = 0 deg. The main three-element system attached at an angle of α = 1 deg while the strut flow did not attach until α = 6 deg. A large drop in C d is noted where the flow over the strut attached at α = 6 deg. Stall characteristics were gradual and gentle, which suggest a thin airfoil stall or a trailing edge stall. The linear region of the C l -α curve extends from an angle of attack of 1 deg through 11 deg. Relative coordinates for the baseline configuration are presented in Table 1 .
B. Cross-Case Analysis
Data from a carefully constructed test matrix were analyzed to understand the relationship between each independent parameter and the aerodynamic performance. Tests were performed in an effort to understand the effect of gap size, overhang distance, and strut location on the aerodynamic performance of the airfoil system. The gap and overhang distances were changed using the previously discussed flap positioning system. Numerous different "cases" were generated by systematically varying one or at most two independent parameters. The parameters included gap size, overhang distance, strut leading edge location, and strut deflection angle. Flaps were set at a constant flap deflection for all tests. Data are presented for multiple different airfoil systems at a fixed angle of attack.
The cases studied captured independent multielement effects with emphasis on gap size and overhang distance. A summary of the cases of configurations tested is presented in Table 2 . Some cases included parameter sweeps while other cases did not. As previously mentioned, each case consisted of a single parameter which was altered. Tests performed in Cases 1 and 2 measured the effect of overhang distance at two different gap sizes. Case 3 captured the effect of strut deflection angle on the aerodynamic performance of the system. Performance of the system as a function of gap size was captured in Cases 7 and 8 while the location of the strut was tested in Cases 8 through 13. The focus of Case 8 was to study the effect of the gap size if the strut was not in its home position. Data collected in Cases 9 through 13 (supplemented by data in Cases 2, 4, and 8) studied the effect of the strut location on the aerodynamic performance. 
Effect of Gap Size
As shown in Fig. 8(a) , the gap size of the two flaps affects the lift of the entire multielement system. The two gap sizes were the same value such that gap 1 = gap 2 while the overhang for each element was defined as overhang 1 = overhang 2 = 0.015 (Table 2, Case 7). A peak in the C l vs gap curve is observed at a gap size of 0.020. The rate of decrease of C l is greater at small gaps than at larger gaps. The drag is also affected by the size of the gap between the Fig. 8(b) . A local minimum in drag is observed at gap 1,2 = 0.015 which is a slightly smaller gap size than the gap size with maximum lift. The drag is reduced by approximately 5% relative to the drag at gap 1,2 = 0.020. Data at a gap size of 0.010 suggest a drag rise at small gap sizes; this effect may be driven by interacting boundary layers and wakes. In addition, the aerodynamic efficiency, C l /C d | α , as a function of gap size is plotted in Fig. 8(c) . A maximum in the lift-to-drag-ratio is observed at a gap size of 0.015, which is the gap size with minimum drag. The lift-to-drag ratio at the gap size with maximum lift (gap 1,2 = 0.020) is 78.2, a 4.6% reduction relative to the point with maximum C l /C d | α . A reduction in C l /C d | α , driven primarily by a reduction in lift, is observed at small gap sizes. Similar trends were observed for other angles of attack.
Effect of Overhang Distance
Tests were performed to isolate the effect of the overhang distance on the aerodynamic performance, and results are presented in Fig. 9 . The overhang distance was the same for both flaps ( Table 2 , Case 2). Lift as a function of overhang is presented in Fig. 9(a) . The relationship is more complex than that of the gap effect on the lift. A maximum value of C l is observed at overhang 1,2 = −0.005. As noted in Fig. 3 , a negative overhang is a distance in which the leading edge of element n is aft of the trailing edge of element n − 1. Positive overhang distances adversely affect the lift produced by the system. The drag of the multielement airfoil system is also a function of the overhang distance and results are shown in Fig. 9(b) . The results show that larger positive overhangs have the lowest drag. A drag reduction of 5.6% exists at an overhang distance of 0.015 compared with no overhang. A sharp drag reduction is observed between 0.005 and 0.010. Lift-to-drag ratio as a function of overhang distance is plotted in Fig. 9(c) . The C l /C d | α at the overhang with maximum lift is 75.0 while C l /C d | α in the low drag region is as high as 77.7. Additionally, the lift-to-drag ratio is locally minimized at an overhang of 0.005 which is the value with the highest drag. The observed trends show the effect of the low drag values has a greater effect on the aerodynamic efficiency than the benefit of increased lift.
Effect of Strut Deflection Angle
Data were collected with the gap and overhang at a constant value while the strut deflection angle was independently varied. The baseline deflection of the strut was −6.5 deg, and the strut could be deflected ±10 deg in the baseline x-y position. The strut was designed to act as a fairing and not as a lifting element. Lift as a function of strut deflection angle is presented in Fig. 10 (a) ( Table 2 Case 2 and 3). Total lift is increased for positive strut deflections as the strut transitions from a curved non-lifting fairing to a lifting element. In addition, the lift decreases as the strut deflection decreases because the strut produces negative lift. Deflection of the strut also affects the drag of the multielement airfoil
Effect of Strut Location
The experimental setup allowed for the strut to be moved to eight separate locations (Table 2 , Cases 2, 4-6 9-13).
Movement was permitted in a direction normal and/or tangential to the main element chord at a distance of 5.7% system chord. Movement was possible in any combination of up/down and fore/aft except forward and down as the wind tunnel balance support leg would have interfered with the strut spar. The label of Strut u/d corresponds to the location of the strut in the direction normal to the chord of the main element (up/down) while Strut f /a is the distance the strut was moved tangential to the main element chord line. A positive value of Strut u/d indicates the strut was moved toward the main element, and a positive value of Strut f /a indicates the strut was moved aft of the original location. As shown in Fig. 11(a) , the location of the strut has an effect on the C l of the system. Lift is the highest when the strut is in the baseline position and is reduced in all other seven locations. No clear trend exists between cases at a constant up/down location. Drag values of the eight different strut location cases are presented in Fig. 11(b) . Drag is reduced for cases in which the strut is moved away from the main element (moved down). In general, drag is lowest for a given main element chord normal location when the fore/aft location is 0. Finally, the C l /C d | α of the airfoil system as a function of strut location is presented in Fig. 11(c) . The C l /C d | α is maximized when the strut is in the baseline fore/aft location and moved away from the main element of the system. The lift to-drag-ratio in the baseline case is 2.9% less than the best observed case. 
Coupled Effect of Strut Deflection Angle and Overhang Distance
The combined effect of δ strut and overhang distance was captured and analyzed ( Table 2 , Cases 2-3). Airfoil configurations were tested at a strut deflection of −6.5 deg (the baseline deflection angle) and −16.5 deg. A range of overhang distances varied from −0.005 to 0.02. All tests were performed at a constant gap size of 0.025. The combined effect on lift is plotted in Fig. 12(a) . The effect of the strut deflection angle on C l is larger than the effect of the overhang distance. As previously observed in Fig. 9(a) , overhang distance has a minimal effect on the lift of the multielement airfoil system. Drag as a function of strut deflection angle and overhang distance is shown in Fig. 12(b) . The deflection angle of the strut affects the drag of the multielement system more than the overhang distance, and drag values at a negative deflection angle are more than twice as high as the baseline deflection case. A positive overhang may reduce the drag of the system compared with a negative overhang distance. Aerodynamic efficiency at various strut deflection angles and overhang distances is plotted in Fig. 12(c) . It is noted that the overhang distance has a minimal effect on
The strut deflection angle greatly affects the value of C l /C d | α . This reduction in aerodynamic efficiency is primarily driven by the increase in drag for the reduced deflection angle.
Coupled Effect of Strut Location and Gap Size
The combined effect of gap size and strut position was also measured. Cases were generated at a constant overhang distance of 0.015 and a gap size from 0.01 to 0.035. The strut was place in the baseline position and also moved away from the main element chord line. The coupled effect of lift is presented in Fig. 13(a) . In general, lift decreases for gap sizes less than 0.02, and a local maximum is observed at 0.02. The lift of the system decreases for gap sizes between 0.02 and 0.03 but increases at gap size of 0.035 relative to the lift at a gap size of 0.03. Data were not collected at gap sizes greater than 0.035. Figure 13(b) shows the effect of strut location and gap size on the drag of the system. Both parameters affect the drag, and the relationship between the two parameters is not clear. The drag for the baseline configuration is minimized at a gap size of 0.015 and maximized at a gap size of 0.025, as presented in Fig. 8(b) . However, drag for the case in which the strut was moved down is minimized at a gap size of 0.02 and maximized at a gap size of 0.015. The combined aerodynamic efficiency as a function of strut location and gap size is presented in Fig. 13 C l /C d | α is observed between 0.015 and 0.02 for both locations of the strut. A sharp reduction in lift-to-drag ratio is observed for gap sizes slightly smaller than that for which the maximum occurred.
IV. Concluding Remarks
Wind tunnel tests were carried out on a multielement airfoil configuration for application to the root section of a 10-MW scale wind turbine blade. Tests were performed on the four-element MFFS-026 multielement airfoil system that was designed to replace a thick, aerodynamically inefficient, single-element airfoil near the root section of large scale wind turbines. The multielement airfoil system consisted of a main element, two flaps, and a lower strut airfoil element. A strut was added for additional structural rigidity. Wind tunnel tests were performed in the University of Illinois 3 × 4 low-speed low-turbulence wind tunnel. A flap positioning system was designed and fabricated to move the flaps over a range of positions. Tests were performed to capture the dependency of specific parameters on the performance of the system. Parameters of interest included gap size, overhang distance, strut location, and strut deflection angle.
Numerous trends were observed in the results. The drag of the system affected the C l /C d of the system more than the total lift. The results show that the best gap size is approximately 2.5% system chord while the overhang with the highest C l /C d was approximately −0.25% system chord. Trends show that the best gap size is not constant with different overhang distances. Similarly, the best overhang distance varies with gap size. The best gap size at one strut location is different than the best gap size at a different strut location. All relative coordinates are coupled and all must be considered in the design process.
Conclusions indicate that a multielement airfoil system must be designed as one system. Different elements cannot be designed independently and then simply placed at a certain gap size or overhang distance. A further study could be done by incorporating an inverse viscous design routine to design the multielement system while avoiding viscous phenomena such as merging and interacting wakes. This method would also find the best gap size and overhang distance for each multielement airfoil system. 
